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The role of meson exchange currents (MEC) in electron- and photon-induced one-nucleon emission
processes is studied in a nonrelativistic model including correlations and final state interactions. The
nuclear current is the sum of a one-body and of a two-body part. The two-body current includes
pion seagull, pion-in-flight and the isobar current contributions. Numerical results are presented
for the exclusive 16O(e, e′p)
15
N and 16O(γ, p)15N reactions. MEC effects are in general rather small
in (e, e′p), while in (γ, p) they are always large and important to obtain a consistent description of
(e, e′p) and (γ, p) data, with the same spectroscopic factors. The calculated (γ, p) cross sections are
sensitive to short-range correlations at high values of the recoil momentum, where MEC effects are
larger and overwhelm the contribution of correlations.
PACS numbers: 25.20.Lj, 25.30.Fj, 24.10.Eq
I. INTRODUCTION
Electromagnetic knockout reactions with one-
nucleon emission have provided in the last decades
a wealth of information on the single particle (s.p.)
properties of light, medium and heavy nuclei [1–4].
The electromagnetic probe is particularly well-suited
for studying the nuclear properties as its relatively
weak interaction with the nuclear matter allows to
penetrate deeply in the nucleus interior and to explore
also the inner states.
The Distorted Wave Impulse Approximation
(DWIA) has successfully been applied to the analy-
sis of experimental data produced by these reactions.
The overlap integral between the target bound state
and the different states of the residual nucleus, which
can be obtained from a one-body potential able to re-
produce the binding energy and the density of the s.p.
states, was found in agreement with the many-body
mean-field calculations. Moreover, an optical poten-
tial derived from elastic nucleon scattering off nuclei
was able to well reproduce the shape of the reduced
cross sections, which are essentially the distorted mo-
mentum distributions of nucleons in the nucleus. This
means that the gross features of the reaction are well
understood.
Many particular aspects of the reaction mechanism
have been studied, like relativistic corrections of the
nuclear current and off-shell effects due to the binding
of the initial nucleon in the nuclear medium. More-
over, the Coulomb distortion of the incoming and out-
going electron waves in the electron field of the nu-
cleus was studied [5] and also an exact treatment was
applied, which calculates the solutions of the Dirac
equations for the partial waves [6, 7]. More recently,
complete relativistic calculations [8, 9] have been com-
pared with the new data at higher energy obtained at
TJNAF [10].
Despite these interesting results, some problems are
still open and have found only a partial solution. The
low value of the spectroscopic factors, which are about
60-70 % of the values predicted by the independent-
particle shell model, addresses to more complicate
mechanisms than the one-body one in the frame of
a mean-field theory. Moreover, consistency between
electron and the photon-induced reactions is required
and should be obtained in the same theory frame.
Strong difficulties, on the contrary, have to be faced
when treating, in particular, the reactions with neu-
tron emission. In addition, the study of higher energy
processes has shown up ambiguities in the choice of
the nuclear current operator [9], which must be elim-
inated in a consistent theory.
Different mechanisms have been advocated in order
to solve these problems. First of all, nucleon-nucleon
correlations, which produce the defect in the spectro-
scopic factors of the hole spectral functions. Theo-
retical investigations with different correlation meth-
ods [11–16] indicate that only a few percent of the
defect is due to short-range correlations (SRC). When
tensor correlations are added the depletion amounts to
∼ 10%, at most ∼ 15% in heavy nuclei. Further de-
pletion is given by long-range correlations [17–20]. A
full and consistent evaluation of all the different types
of correlations, which affect the spectroscopic factors
and the overlap functions to be included in the DWIA
approach, is anyhow still unavailable.
Multi-step processes have also been considered in
the treatment of the final state interaction of knock-
out reactions, but they were shown to give a sizable
contribution only at high excitation energy or missing
momenta [21].
In this paper we discuss the effect of two-body me-
son exchange currents (MEC) both in (e, e′p) and
in (γ, p) reactions. This topic has already been dis-
cussed in some papers with different approaches [23–
28]. Some disagreements are present in the results of
the various groups. In general, the effects were found
2significant, but large only in the region of high re-
coil momenta. Moreover, in the (e, e′p) reaction the
response functions appear more sensitive to MEC ef-
fects than the total cross sections. It is not surprising
that some differences can be found between the re-
sults of the different models, even when the operators
describing MEC are identical, due to interference be-
tween the different ingredients of the calculations. A
further study seems therefore useful to clarify the sit-
uation.
In this work MEC effects are evaluated in the frame
of a nonrelativistic direct knockout (DKO)model with
final state interactions. The direct one-body contribu-
tion corresponds to the DWIA approach, which was
successfully applied to the analysis of (e, e′p) data at
moderate energy [3, 22]. The interaction occurs in
the initial state through a one-body and a two-body
current with a pair of nucleons. Only one nucleon is
emitted and the other one is reabsorbed in the resid-
ual nucleus. Correlations can be directly included in
the s.p. wave functions or with a central correlation
function. This approach was originally proposed in
Ref. [24] and has more recently been applied to the
(γ, p) reaction [16, 29] and, in a relativistic model, to
the (e, e′p) and (γ, p) reactions [30]. In these previ-
ous applications, however, only the pion-seagull term
was included in the two-body current. Moreover, in
Refs. [16, 24, 29] a simplified treatment of the spin was
used in order to reduce the complexity of the numeri-
cal calculations, and the spin-orbit term was neglected
in the optical potential.
A more refined theoretical model is considered in
this paper. The two-body current includes the con-
tribution of all the diagrams with one-pion exchange,
namely seagull, pion-in-flight, and the diagrams with
intermediate ∆-isobar configurations. Moreover, also
spin coupling and the spin-orbit term of the optical
potential are fully included in the calculations. Ap-
plication of this model to the (e, e′p) and (γ, p) reac-
tions and comparison with data allow us to check the
consistency of the description of electron and photon-
induced reactions within the same theoretical frame-
work.
In Sec. II the relevant formalism and the parameters
used in the calculation are given. Numerical results
are presented and discussed in Sec. III for the cross
section and the structure functions of the exclusive
16O(e, e′p)
15
N reaction and for the cross section of the
exclusive 16O(γ, p)
15
N reaction. Some conclusions are
drawn in Sec. IV.
II. THEORETICAL MODEL
The coincidence unpolarized cross section for the
reaction induced by an electron, with momentum p0
and energy E0, with E0 = |p0| = p0, where a nucleon,
with momentum p′ and energy E′, is ejected from a
nucleus, is given, in the one-photon exchange approx-
imation and after integrating over the energy of the
emitted nucleon, by [3]
d5σ
dE′0dΩ
′
0dΩ
′
= K [2ǫLf00 + f11 − ǫf1−1 cos 2α
+
√
ǫL(1 + ǫ)f01 cosα]. (1)
Here E′0 is the energy of the scattered electron, α the
angle between the plane of the electrons and the plane
containing the momentum transfer q and p′. The
quantity
ǫ =
(
1− 2q
2
q2ν
tan2
θ
2
)−1
(2)
measures the polarization of the virtual photon ex-
changed by the electron scattered at an angle θ and
ǫL = − q
2
ν
q2
ǫ, (3)
where q2µ = ω
2−q2, with ω = p0−p′0 and q = p0−p′0,
is the four-momentum transfer. The coefficient
K =
e4
16π2
Ωf
fR
E′0
E0q2ν(ǫ− 1)
, (4)
contains the phase-space factor Ωf = p
′E′ and the
recoil factor f−1R , with
fR = 1 +
E′
EB
(
1− q
p′
cos γ
)
, (5)
where EB is the total relativistic energy of the residual
nucleus and γ is the angle between q and p′.
The structure functions fλλ′ represent the response
of the nucleus to the longitudinal (λ=0) and trans-
verse (λ = ±1) components of the electromagnetic
interaction and only depend on ω, q, p′ and γ.
When the nucleon is emitted by a real unpolarized
photon, only f11 contributes. Then the cross section
of the (γ,N) reaction reads
d2σ
dΩ′
=
πe2
2Eγ
Ωf
fR
f11. (6)
where Eγ is the energy of the incident photon.
The structure functions are given in terms of the
hadron tensor [3]
3Wµν =
∑
i
∑
f
Jµ(q)Jν∗(q)δ(Ei − Ef), (7)
The quantities Jµ(q) are the Fourier transforms of
the transition matrix elements of the nuclear charge-
current density operator between initial and final nu-
clear states
Jµ(q) =
∫
〈Ψf |Jˆµ(r)|Ψi〉e iq·rdr. (8)
The nuclear current operator is given in terms of
one-body and two-body components. It can be writ-
ten in the coordinate representation as
Jˆµ(r) =
A∑
i=1
J (1)µ(r, ri) +
A∑
i<j=1
J (2)µ(r, ri, rj), (9)
where the spin and isospin indices are omitted for sim-
plicity.
Taking into account the antisymmetrization of the
initial and final nuclear state and including a correla-
tion function of Jastrow type f(rij), the current ma-
trix element can be written, under the assumption
that the interaction occurs only on a couple of corre-
lated nucleons, as
〈Ψf | Jµ | Ψi〉 ≃
A∑
α=1
〈χ(−)(r1)ϕα(r2) | jµ(r, r1, r2) | f(r12)
×(ϕβ(r1)ϕα(r2)− ϕα(r1)ϕβ(r2))〉 , (10)
where where χ(−) is the distorted wave function of the
outgoing nucleon and ϕα(β) are s.p. shell-model wave
functions.
The current operator can be written as
jµ(r, r1, r2) =
1
A− 1
[
J (1)µ(r, r1) + J
(1)µ(r, r2)
]
+ J (2)µ(r, r1, r2). (11)
Therefore, in the model the interaction occurs
through one-body and two-body currents with a pair
of correlated nucleons. Only one nucleon is emitted
and the other nucleon is reabsorbed in the residual
nucleus. For the nucleon which is not emitted a sum
over all the the s.p. states is included in Eq. (10). The
one-body current contains a direct and an exchange
term. When the correlation function f(rij) is not in-
cluded in Eq. (10) only the direct term survives in the
one-body current: its contribution corresponds to the
DKO mechanism and gives the DWIA result.
In the calculations the one-body current includes
the convective and the spin terms. The two-body cur-
rent is derived by performing a non relativistic reduc-
tion of the lowest-order Feynman diagrams with one-
pion exchange. We have thus currents corresponding
to the seagull and pion-in-flight diagrams and to the
diagrams with intermediate isobar configurations.
The operator form of the ∆ current has been derived
in Ref. [31]. It is given by the sum of the contribu-
tions of two types of processes, corresponding to the
∆-excitation and ∆-deexcitation currents. The first
process (I) describes ∆-excitation by photon absorp-
tion and subsequent deexcitation by pion exchange,
while the second process (II) describes the time inter-
change of the two steps, i.e., first excitation of a virtual
∆ by pion exchange in a NN collision and subsequent
deexcitation by photon absorption. The propagator of
the resonance, G∆, depends on the invariant energy√
s of the ∆, which is different for processes I and II.
For the deexcitation current the static approximation
can be applied, i.e.
G II∆ = (M∆ −M)−1, (12)
whereM∆ = 1232 MeV. For the excitation current we
use [32]
G I∆ =
(
M∆ −√sI − i
2
Γ∆(
√
sI)
)
−1
, (13)
with
√
sI =
√
sNN −M, (14)
where
√
sNN is the invariant energy of the two inter-
acting nucleons. The energy-dependent decay width
of the ∆, Γ∆, has been taken in the calculations ac-
cording to the parameterization of Ref. [33].
The operators of the two-body current have been
corrected for their behaviour at short distances with a
hadronic form factor, which was chosen as a monopole
function with a cut-off parameter Λpi = 800 MeV.
III. RESULTS
Calculations have been performed for exclusive
(e, e′p) and (γ, p) reactions from 16O. Although the
model can in principle be applied to any other target
nucleus, we do not expect, on the basis of previous
investigations, different effects of two-body currents
for different nuclei. The large amount of theoretical
and experimental work carried out on 16O, an ample
choice of theoretical ingredients available for our cal-
culations, and the possibility of a direct comparison
4FIG. 1: The reduced cross section of the 16O(e, e′p)
15
Ng.s.
reaction as a function of the recoil momentum pm in par-
allel kinematics, with E0 = 520 MeV and an outgoing
proton energy Tp = 90 MeV. The data are from [34]. The
optical potential is taken from [35] and the overlap func-
tion is derived from the OBDM of [14]. The dotted line
gives the contribution of the one-body current (DWIA).
The other lines have been obtained by adding the various
terms of the two-body current: one-body + seagull (dot-
dashed lines), one-body + seagull + pion-in-flight (dashed
lines), one-body+ seagull+ pion-in-flight+ ∆ (solid lines).
A reduction factor 0.8 has been applied to the theoretical
results. Positive (negative) values of pm refer to situations
where |q| < |p′| (|q| > |p′|).
with different sets of data make 16O a well suited tar-
get for our study, which allows us a comparison with
our previous calculations and with the results of other
and different theoretical models. Moreover, calcula-
tions on 16O make it possible to check the consistency
of the description of (e, e′p) and (γ, p) reactions in
comparison with data.
A. The 16O(e, e′p)
15
N reaction
A numerical example is shown in Fig. 1 for the
16O(e, e′p) reaction and the transition to the 1/2−
ground state of 15N in the parallel kinematics of the
experiment carried out at NIKHEF [34]. In parallel
kinematics the momentum of the outgoing nucleon p′
is fixed and is taken parallel or antiparallel to the mo-
mentum transfer q. Different values of the recoil mo-
mentum pm are obtained by varying the electron scat-
tering angle and therefore the magnitude of the mo-
mentum transfer. In order to allow a comparison with
data, the results are presented in terms of the reduced
cross section [3], which is defined as the cross section
divided by a kinematical factor and the elementary
off-shell electron-proton scattering cross section, usu-
ally taken on the base of the CC1 prescription [36].
Final state interactions are taken into account by the
same phenomenological optical potential [35] as in the
original DWIA analysis of data [34]. The Coulomb
distortion of electron waves is included through the
effective momentum approximation [3, 5], which is a
good approximation for a nucleus as light as 16O.
For the bound state wave function of the emitted
proton we have used the one-nucleon overlap function
extracted in Ref. [16] from the asymptotic behaviour
of the one-body density matrix (OBDM) of Ref. [14],
which in the analysis of Ref. [16] was able to give
the best and a consistent description of 16O(e, e′p)
15
N
and 16O(γ, p)
15
N data. The s.p. wave functions of
the second nucleon in the sum of Eq. (10) are consis-
tently evaluated for all the occupied proton and neu-
tron states.
The overlap function already includes SRC and ten-
sor correlations and a spectroscopic factor (0.9). In
order to reproduce the size of the experimental data,
a reduction factor (0.8) was applied in Ref. [16] to the
calculated reduced cross section. This factor, which
is applied also in Fig. 1, can be considered as a fur-
ther spectroscopic factor to be mostly ascribed to the
correlations not included in the OBDM, namely long-
range correlations, which also cause a depletion of the
quasihole states. In order to avoid possible double
counting, we do not include a correlation function in
the two-nucleon wave function of Eq. (10). Thus, the
result with the one-body current in Fig. 1 is due only
to the direct contribution and in practice corresponds
to the DWIA result of Ref. [16]. In any case, no signif-
icant effect would be produced by a correlation func-
tion in the kinematics here considered for the (e, e′p)
reaction.
A different choice of the overlap function would pro-
duce a different result, but would not change the role
of two-body currents, which is practically negligible in
Fig. 1. The seagull current produces a slight enhance-
ment of the reduced cross section calculated with only
the one-body current. This enhancement is more vis-
ible in the left side of the figure, where higher values
of the momentum transfer are involved. No signif-
icant effect is obtained when the pion-in-flight term
is added, while the ∆-isobar current reduces the cal-
culated cross section and practically cancels the con-
tribution of MEC. This result confirms that a DWIA
approach with only a one-body current is able to give
a good description of (e, e′p) cross sections.
Another example is presented in Fig. 2, where the
cross section of the 16O(e, e′p) reaction is displayed
for the transitions to the 1/2− ground state and to
the 3/2− excited state of 15N in a kinematics where
the energy and momentum transfer are constant, the
outgoing proton energy is fixed, and different values
of pm are obtained changing the scattering angle of
the outgoing proton. Also in this case MEC effects
are very small. For the ground state all the curves
5FIG. 2: The cross section of the 16O(e, e′p) reaction as a
function of the recoil momentum pm for the transitions to
the 1/2− ground state and to the 3/2− excited state of
15N in a kinematics with constant (q, ω), with E0 = 2000
MeV and Tp = 100 MeV. The optical potential is taken
from [35]. Overlap functions and line convention as in
Fig. 1. Positive (negative) values of pm refer to situations
where the angle between p′ and the incident electron p0
is larger (smaller) than the angle between q and p0
practically overlap. For the 3/2− state only a slight
reduction of the calculated cross section is produced
by the ∆ current over the whole distribution.
The effects of the two-body currents on the struc-
ture functions f11, f01 and f1−1 are shown in Fig. 3
in the same conditions and kinematics as in Fig. 2.
The longitudinal component f00, which is not affected
by MEC in our model, is not presented in the figure.
MEC effects on f11 are similar to the results found
for the cross section. The seagull term gives a slight
enhancement of the one-body result, while the ∆ cur-
rent gives a reduction. The total contribution gives a
FIG. 3: The structure functions, f11, f01, and f1−1, of the
16O(e, e′p) reaction as a function of the recoil momentum
pm for the transitions to the 1/2
− ground state and to
the 3/2− excited state of 15N in the same kinematics as
in Fig. 2. Optical potential, overlap functions and line
convention as in Fig. 2.
slight reduction of f11 for both transitions. For f1−1
a small reduction is obtained for the 1/2− state and
negligible effects for the 3/2− state. This structure
function is however very small. The effects of MEC
on the interference function f01 are different for the
two final states. For the ground state the ∆ current
cancels the effect produced by the seagull term and
makes the contribution of the two-body currents neg-
ligible. For the 3/2− state the seagull and ∆ currents
contributions sum up in the final result and produce
a sizable effect on f01.
A different effect for the two transitions, with a
larger contribution of MEC in the 3/2− state, was
6found also in Ref. [25]. The effects of the isobar cur-
rents obtained in our work, however, are much smaller.
Our results also differ from those of Ref. [23], where
a large contribution was given by the ∆ current on
f11 and f1−1 and also on the cross section, but no
significant effect was found on f01.
Our results indicate that MEC effects on the exclu-
sive 16O(e, e′p)
15
N are in general rather small and of
about the same order and relevance as in the analysis
of Ref. [27], where, however, no particular difference
was found for the structure function f01 in the 1/2
−
and 3/2− states.
Very small MEC effects on the 16O(e, e′p)
15
N re-
action are found also in the relativistic analysis of
Ref. [30], where the calculation of MEC is imple-
mented within the same theoretical framework, but
only the seagull term is included in the two-body cur-
rent.
B. The 16O(γ, p)15N reaction
The angular distributions of the 16O(γ, p) reaction
at Eγ = 60 MeV for the transitions to the 1/2
−
ground state and to the 3/2− excited state of 15N are
shown in Fig. 4. In order to check the consistency of
(e, e′p) and (γ, p) results in comparison with data and
allow a direct comparison with our previous calcula-
tions [16], the same theoretical ingredients, i.e. over-
lap functions and consistent optical potentials, have
been adopted as in Ref. [16] and in Fig. 1. Moreover,
the reduction factors obtained in comparison with the
(e, e′p) data have been applied to the calculated cross
sections.
In Fig. 4 the contribution of the one-body current
represents a large part of the measured cross section at
low scattering angles, but is unable to describe data.
A significant enhancement is produced by the seagull
current and a reasonable description of data is ob-
tained for the transition to the ground state. This re-
sult was already found in Refs. [16, 24]: the slight nu-
merical differences are due to the more refined treat-
ment of the spin in the present model, where spin
coupling is included and the optical potential contains
also the spin-orbit term.
A significant reduction of the cross section is ob-
tained when the pion-in-flight term is added, while
the ∆ current is not very important at the consid-
ered value of the photon energy. Thus, MEC effects
are overestimated by the seagull term, which gives
the main contribution of MEC at Eγ = 60 MeV,
but is unable to describe the final effect of two-body
currents on the cross section. As a consequence of
the reduction produced by the pion-in-flight current,
the experimental cross section for the transition to
the ground state is somewhat underestimated, while
a better agreement with data is found for the 3/2−
state. Anyhow, MEC effects remain large and impor-
FIG. 4: The cross section of the 16O(γ, p)15Ng.s. reaction
as a function of the proton scattering angle at Eγ = 60
MeV for the transitions to the 1/2− ground state and to
the 3/2− excited state of 15N. The optical potential is
taken from [35] and the overlap functions are derived from
the OBDM of [14]. Line convention as in Fig. 1. The
experimental data are taken from [37] (black circles), [38]
(open circles) and [39] (triangles). The theoretical results
have been multiplied by the reduction factors extracted
in [16] in comparison with (e, e′p) data, that is 0.8 for
1/2− and 0.62 for 3/2−.
tant to improve the agreement with data.
The role of the different terms of the two-body
current depends on the photon energy. An example
is shown in Fig. 5, where the cross sections of the
16O(γ, p)
15
Ng.s. reaction at Eγ = 100 and 196 MeV
are displayed. MEC effects are always large. The role
of the seagull current decreases increasing the photon
energy. Important effects are given by the pion-in-
flight and, at 196 MeV, also by the ∆ current. A good
agreement with data is achieved at 100 MeV when
the pion-in-flight term is added. Here pion-in-flight
reduces the contribution given by seagull for nucleon
emission angles up to ∼ 100o, while at larger angles it
produces a significant enhancement of the cross sec-
tion. At 196 MeV a good agreement with data is ob-
tained for nucleon emission angles up to ∼ 70o when
the ∆ current is added, while for larger angles the
strong enhancement produced mainly by the pion-in-
flight term leads to some overestimation of the exper-
imental cross section. In this region, however, recoil-
7FIG. 5: The cross sections of the 16O(γ, p)15N reaction
as a function of the proton scattering angle at Eγ = 100
and 196 MeV. Overlap function and line convention as in
Fig. 4. The optical potential is taken from [35]. The
experimental data are taken from [37] (Eγ = 100) and [40]
(Eγ = 196). The theoretical results have been multiplied
by the reduction factor 0.8 as in Figs. 1 and 4.
momentum values around 700-800 MeV/c are probed,
where the behaviour of the wave function may become
critical and other effects might come into play. More-
over, the convergence of the integrals in the calcula-
tion of the matrix elements of the two-body current
becomes slow.
Our results indicate that two-body currents give an
important contribution to (γ, p) cross sections at all
the considered photon energies. When all the one-
pion-exchange diagrams are included in the model, a
reasonable description of (γ, p) and (e, e′p) data is ob-
tained for recoil momentum values up to ∼ 500− 600
MeV/c with a consistent choice of the theoretical in-
gredients and with the same spectroscopic factors.
The effect of SRC is investigated in Fig. 6 for the
16O(γ, p)15Ng.s. reaction at Eγ = 60 and 196 MeV.
All the cross sections have been calculated with the
phenomenological s.p. bound state wave functions
of Ref. [41], which do not include correlations. The
results shown in the left panels have been obtained
without a correlation function, while the cross sec-
tions in the right panels include the correlation func-
tion of Ref. [42], extracted form a recent application of
Green’s function techniques to the calculation of rel-
FIG. 6: The cross sections of the 16O(γ, p)15Ng.s. reaction
as a function of the proton scattering angle at Eγ = 60
and 196 MeV. Optical potential and experimental data as
in Figs. 4 and 5. The bound state wave functions are taken
from [41]. The theoretical results shown in the right pan-
els have been obtained including in the two-nucleon wave
function the correlation function of [42]. Line convention
for dotted and solid lines as in Fig. 1. The dot-dashed,
long-dashed and short-dashed lines give the pure contri-
butions of the seagull, ∆ and pion-in-flight currents, re-
spectively. The theoretical results have been multiplied
by the reduction factor 0.8, consistently with the analysis
of (e, e′p) data for the same bound state wave function.
ative two-nucleon wave functions in nuclear matter.
Correlation effects are small at 60 MeV, where they
produce only a slight enhancement of the cross sec-
tion that anyhow improves the agreement with data.
At 196 MeV SRC produce a strong enhancement of
the contribution of the one-body current for nucleon
emission angles above 70o, in the region where high
values of the recoil momentum are probed and the
cross section is dominated by two-body currents. An
opposite effect is given by the correlation function on
the two-body current. The contributions of the ∆ and
seagull currents are significantly reduced by SRC at
large angles, while correlation effects are not very im-
portant on the pion-in-flight term. In the final result
the effect of SRC is overwhelmed by the contribution
of two-body currents, as it was found also in Ref. [28].
The effect of SRC is anyhow non negligible and im-
proves the agreement with data.
8The behaviour of the separate contributions of the
different terms of the nuclear current is also shown in
Fig. 6. At Eγ = 60 MeV the one-body current gives a
large part of the final result and is already able to cor-
rectly reproduce the shape of the angular distribution.
The seagull current is also important, in particular at
large scattering angles. The sum of the two terms
produces, as in Fig. 4, a significant enhancement of
the cross section. The pure contribution of pion-in-
flight is much smaller than those of the one-body and
seagull currents, but it produces a strong destructive
interference with seagull. The ∆ current gives only
a negligible contribution. At 196 MeV the one-body
current gives only a small fraction of the experimental
cross section. The final result is dominated by two-
body currents, mainly by the isobar current at small
proton emission angles and by the pion-in-flight term
at large angles. The seagull current is not very impor-
tant. At high values of the recoil momentum sizable
and different contributions are given by SRC on the
various components of the current. However, the com-
bined effect does not appear large in the final result
and is overwhelmed by MEC.
Our results for the (γ, p) reactions are qualitatively
similar to the results found in Ref. [28]. The quan-
titative numerical differences are compatible with the
different theoretical ingredients used in the two calcu-
lations, as the (γ, p) cross sections are very sensitive
to details of the model. A different choice of these
ingredients might change the numerical results, but
should not change the main conclusions of our work.
IV. SUMMARY AND CONCLUSIONS
The role of MEC in exclusive (e, e′p) and (γ, p) reac-
tions has been studied in the frame of a nonrelativistic
DKO model with final state interactions. The nuclear
current is the sum of a one-body part, including the
convective and the spin terms, and of a two-body part,
including the contribution of all the diagrams with
one-pion exchange, namely seagull, pion-in-flight and
the diagrams with intermediate ∆-isobar configura-
tions. The direct contribution of the one-body cur-
rent corresponds to the DKO mechanism and gives
the DWIA. Final state interactions are treated with a
phenomenological and spin dependent optical poten-
tial. Correlations can be included in the s.p. wave
functions or with a central correlation function.
Numerical results have been presented in different
kinematics for electron- and photon-induced reactions
from 16O, in order to allow a comparison with previ-
ous calculation and to check the consistency of the
description of the two reactions also in comparison
with data.
The role of two-body currents on the 16O(e, e′p)
15
N
cross section is in general rather small. This result
confirms once more the validity of the DWIA approach
for this reaction. MEC give in general a small contri-
bution also on the structure functions. The effects are
of about the same order and relevance as in the anal-
ysis of Ref. [27], but a different behaviour is found in
our model on the interference longitudinal-transverse
structure function f01 for the transitions to the 1/2
−
ground state and to first 3/2− excited state of 15N.
For the 1/2− state the ∆ current cancels the effect
produced by the seagull term and the contribution of
MEC is negligible. For the 3/2− state the contribu-
tions of the two terms sum up and produce a sizable
effect in the final result. A different behaviour on f01
for the two states was found also in Ref. [25], where,
however, the contribution of MEC, and in particular
of the ∆ current, is much larger than in our model.
Results have been presented for the 16O(γ, p)15N
cross section at Eγ = 60, 100 and 196 MeV. At all
the considered photon energies MEC give an impor-
tant contribution which substantially improves the
agreement with data. At Eγ = 60 MeV the DKO
mechanism represents a large part of the experimen-
tal cross section, but underestimates the size of the
data. The role of the one-body current on the cross
section becomes less important increasing the photon
energy and the proton emission angle. A significant
enhancement is produced by the seagull current. At
60 MeV the seagull term gives the main contribution
of the two-body currents, but overestimates their final
effect. A strong destructive interference is obtained
when the pion-in-flight term is added. The contri-
bution of the seagull current decreases increasing the
photon energy. Important contributions are given at
higher energies by the pion-in-flight, in particular at
large angles, and at 196 MeV also by the ∆ current.
Significant and different effects on the various terms
of the nuclear current are given by SRC at high values
of the recoil momentum. The combined effect, how-
ever, does not appear large in the final result and is
in general overwhelmed by MEC.
When all the one-pion exchange diagrams are in-
cluded in the model, calculations with consistent the-
oretical ingredients, i.e. bound state wave functions,
optical potentials and the same spectroscopic factors,
are able to give a reasonable and consistent description
of the experimental cross sections of the 16O(e, e′p)15N
and 16O(γ, p)
15
N reactions for recoil momentum val-
ues up to ∼ 500− 600 MeV/c. For higher momentum
values other effects might come into play and also a
more careful treatment of correlations would presum-
ably deserve further investigation.
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